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CHAIRMAN'S REMARKS

Good afternoon, I am happy to be here this afternoon representing
the active Air Force interest in hypervelocity impact, in company with Harry
Davis of APGC, and a few in-house workers and contractors, some of whom
are presenting papers. I only wish there were more of us trying to do some
active work in some small portion of this fieid,

The introductory review paper in the field of experiments is by one of
the more distinguished long-term workers in the field of hypervelocity impact
and shaped charges, Dr. Robert Eichelberger of BRL,




INTRODUCTION -- EXPERIMENTAL STUDIES
R. J. Eichelberger

Ballistic Eesearch Laboratories
Aberdeen Proving Ground, Maryland

Before presentation of papers representing the 1esults of experimental
studies in hypervelocity impact during the past eighteen months, it is appropriate
to consider the state of knowledge immediately after the Fourth Symposium.

Experimental research generally falls into four -- not always readily
distinguishable -- categories:

a. Exploration of newly discovered phenomena;

b. Procurement of qualitative observations for use in phenomenological
or pseudo-theoretical mathematical description;

c. Testing of existing theory, qualitative or quantitative;
d. Accumulation of numerical data for engineering use.

Concerning each of these aspects of experimental research, the state of the art
after the Fourth Symposium can be superficially summarized as follows:

1. Exploration of hypervelocity impact had long since been completed.
A sufficiently clear and complete picture of the gross aspects of the problem had
been presented at the Rand Symposium in 1955 to effectively end this stage.

2. The phenomenological approach had provided a fairly complete des-
cription of the ultimate effects of "hypervelocity' impact (in many cases a question
arose as to whether truly hypervelocity conditions had been attained) ¢n a variety
of target materials; 1i,e., the form of the crater produced, including the effects
of oblique incidence, the effects of fracture in brittle materials, and the other
final and static manifestations of the impact. The transient aspects of crater for
mation had been subjectcd to observation by means of a variety of novel and
potentially very useful techniques; although thc experiments had not been sufficiently
extensive nor thoroughly enough analyzed to provide detailed, quantitative informa-
tion, they had yielded a physical model of the process that was accepted quite
generally. More will be said of this model below.

3. The testing of theory had proceeded to the point of discouraging all
the theoretical models that had been attempted prior to the Fourth Symposium.
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EXPERIMENTAL STUDIES

The various assumptions and simplifications used to arrive at tractable mathe-
matical forms had all been proven too unrealistic to be trustworthy. Only the
theoretical approach of Bjork, which does not depend upon a priori assumptions,
remained as a possibly acceptable treatment. With respect to Bjork's hydro-
dynamic calculations, the experiments were inconclusive. It had been amply
demonstrated that, at the relatively modest velocities attainable in the laboratory,
strength properties of the target material were not negligible, as implicitly
assumed to be in the hydrodynamic approach. The velocities attainabie had been
well below the lower limit for which the theory was expected to be accurate, how-
ever, so that the results did not constitute a critical test. Attempts to verify or
disprove the predictions of the theory with respect to influence of projectile density
and target density had been entirely futile because of the disagreement among
various experimenters as well as the inadequate velocity range.

4. The accumulation of engineering data had, of course, not even begun.
In order to obtain such data, one must be able to accurately simulate conditions
to be encountered in application, and the velocities attainable by known techniques
were not ncarly adequate., Only in "model' tests, with target materials having
very low wave propagation velocities, had truly hypervelccity impact even been
observed under control.cd conditions,

In more specific terms, the state of agreement {(or disagreement) among
experimental workcrs, with respect to each of the primary physical variables,
was:

a. Velocity - It was widely accepted that, neglecting low-velocity transi-
tion regions, crater volume ( r ) is proportional to v2 (V = impact velocity),
although there wcre not infrequent "anomalies' preseried, and there was consider-
able reluctance to extrapolate the relationship beyond the range of the data. The
data had been extended to 10 km/sec by use of microparticle data, and the linear
relation between volume and energy appeared to be still valid. It was also com-
monly agreed that craters in all ductile materials would be very nearly hemi-
spherical at sufficiently high impact velocities, although a few workers hcld
reservations about specific materials (not the same ones in all cases).

b. Mass - The validity of linear modelling laws was almost universally
accepted, having been demonstrated with a fair degrec of precision over eleven
orders of magnitude (10°10gm to 10 gm) in mass.

<. Shape - It was generally granted that projectile shape had no signi-
ficant influence on crater form or dimensions neglecting, of course, the extremes
of long rods or thin discs of very large diametcer.

d. Density - The influence of density, of either the projectile or the tar-
get upoil crater dimensions continued to be « subjecct of considerable controversy.
Opinions ranged from quadratic relatiors (between crater volume and projectilc
density) to no effcct. Unfortunately, none of the experimental observations were
made at sufficiently high velocities to permit the 'primary ' penctration contribu-
tion to the crater to be neglected, and only rarely were the data analyzed with any
attempt to remove the recognized influence of density upon the carly stapges of
crater formation from the correlations.
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EXPERIMENTAL STUDIES

E. Wave propagation velocity - With few exccptions, experimental
investigators agreed that the wave propagation properties of the target (or the
projectile} had no direct influenee upon crater formation, at least insofar as
final dimensions were eoncerned,

f. Compressibility - No attempt had been made to eorrelate crater param-
eters with the Hugoniot properties of the projeetile or the target.

g. Strength - The strength of the projectile was generally held to have no
measurable effect upon erater formation at velocities well above the transition
values. The strength of the target material, as measured statically in terms of
Brinell hardness number, ultimate tensile strength, or shear strength, had been
shown to have a primary influence at velocities up to 10 km/sec. In addition to
the more or less routine experiments, observing impacts on targets of various
materials or varying strength by heat treatment, the effects of varying target
temperature and of anisotropic properties of single crystals had also been clearly
related to strength properties. It was commonly;acceded that the energy required
to produce unit crater volume (E/ r ) is proportional to the Brinell hardness of
the target material.

h. Obliquity - Although there were relatively few experiments reported on
oblique impaet, the conclusions were in very close agreement. It was generally
accepted that eraters formed at very oblique angles of incidence would have a de-
gree of asymmetry dependent upon the impact velocity;, at sufficiently high veloc-
ities, the craters would be very nearly hemispherical, however, even at very
large angles of incidence. It was also widely agreed that the crater volume would
decrease with increasing obliquity, although the precise relationship had not been
well established.

All of the above remarks appl'_v only tc impact upon targets of ductile ma-
terials and very large dimensions. Only very cursory observations had been
made concerning impact on brittle (frangible) materials. Experiments with
thin plate targets had also been mainly exploratory, there having been no sys-
tematic, quantitative results obtained. Observations of phenomena associated
with crater formation, such as vaporization and ionization had been even more
superficial.

It must, then, be concluded that the significant successes of the experi-
mentalists lay almost exclusively in the realm of phenomological studies of the
mechanism of crater formation. This type of work had demonstrated the in-
hcrent weaknesses in all of the simple models used for mathematical treatment
and had yielded a fairly detailed qualitative description of the sequence of events
as they actually occur. The attempts to develop empirical formulae have yielded
no results that can be used with confidence because {(a) they do not reach into the
range of real hypervelocity for materials of interest; (b) there is no acceptable
theory that will span the gap betwcen thc velocity range of the data and the hyper-
velocity regime (the hydrodynamic approach in its present form is clearly not
valid at low velocity); and (c) the formulae are subject to so much oontrova-sy
that they are certainly not satisfactory in themselves for extrapolation. The
empirical work can be said to have provided only engineering data regarding
impact at modcrately high velocities and, possibly, a foundation for more useful
cxperimental work or for testing a more complete theory if one becomes available.
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EXPERIMENTAL STUDIES

H
} vewocity - v,

(a) (b) (c)

TARGET DENSITY = p
STRENGTH PARAMETER = K

(g) (h) (i)

Figure 1. Schematic representation of phenomenological modeli of crater
formation.

The phenomenological model of crater formation warrants a review,
especially for those who are not particularly familiar with it. The essential
features are illustrated in Figure 1. The first stages (b, ¢, d) consist of a
primary penetration resembling very closely thie shaped charge jet penetration
process. In really hypervelocity impact, the penetration velocity during this
stage will be supersonic with respect to the target material. The primary pene-
tration is completed in a very short time and leaves only a very small crater,
but it has resulted in the transfer of a great deal of energy to the target. The
energy is initially confined to a very narrow shell adjacent to the crater surface
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EXPERIMENTAL STUDIES

because; in typical cases, the early crater motion takes place at such a high
velocity that the shock wave cannot increase the intervening distance. The effect
of the high energy density and the concomitant high particle velocity is an exten-
sive cavitation, which persists for a time orders of magnitude longer than the
primary penetration and results in a many-fold enlargement of the crater.

During the latter stages of cavitation, the energy density decreases and the motion
of the crater surface becomes much slower; the shock wave will then pull away
from the surface and dissipate its remaining energy in plastic and elastic deforma-
tion of the target material, Finally, the crater ceases to expand and undergoes a
certain amount of contraction due to elastic recovery. If the material is brittle,
the remaining compression shock and reflected tension and shear waves may
producc extensive fracture that will partially or completely obscure the form of
the crater itself,

During the primary and at least the early portion of the secondary (cavi-
tation} portions of the process, a great deal of target material is ejected from the
crater at moderately high velocities; extensive shear deformation obviously takes
place near the expanding crater surface during this time. Later, apparently,
radial deformation occurs together with shear.

It is also interesting to re-establish a reference by means of which onc
can judge whether experimental data are appropriate tc hypervelocity impact. The
magnitudes of "transiticnal velocities' quoted by Hopkins and Kolsky during the
Fourth Symposium still comprise as useful a set of values as are available. Based

upon theoretical considerations, the values given for several of the common metals
are:

Steel Duralumin Aluminum Copper I.ead
Vi (mm/u sec) 0.046€ 0.065 0.013 0.008 0.002
Vo (mm/ u sec) 0.36 0.43 0.19 0.13 0. 04
Vg (mm/ u sec) 4.6 5.3 5.3 3.75 2.1

According to Hopkins and Kolsky, velocities in excess of V2 would corrcspond to
a hydrodynamic regime, and might be consideved marginally as beionging in the
hypervelocity range. To be assured of having attained a high cnough velocity,
however, one would havc to exceed Vg3, cntering a "sonic" regime; then,
another transition to an "'explosive' regime could still be anticipated for velocities
above 3Vs3. It is interesting to compurc the velocities attained in experiments
with these values.
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OBSERVATIONS OF CRATER FORMATION IN DUCTILE (.., TERIALS
John H. Kineke, Jr.

Ballistic Research Laboratcries
Aberdeen Proving Ground, Maryland

INTRODUCTION

In the past several years a qualitative model of crater formation in
ductile materials has evolved, primarily from the synthesis cof basic experi-
mental observations made at the Ballistic Research Laboratories and several
other organizations. This model was described by Gehring at the Fourth Hyper-
velocity Impact Symposium (1a), and by Eichelberger and Gehring at the Amecrican
Rocket Society (2). Basically, this model divides the craler formation process
into four parts which can be characterized as the transient regime, the steady-
state regime, the cavitation regime, and the recovery regime.

During the transient regime, immediately after the projectile contacts
the target, the pressure at the interface is that which would occur under plane
impact with no lateral flow, Lateral flow of both projectile and target is initiated
by a release of pressure at the boundary of the projectile. At the same time shock
waves are propagated into both the projectile and target from the contact surface.
When the two shock waves become stationary with respect to the interface the
steady-state regime commences. During the steady-state regime, which persists
for times of the same order as the transient regime (less than one microsecond),
the projectile and target are deformed hydrodynamically, in accordance with the
theory developed to describe the penetration of shaped charge jets ) Because
crater growth is proceeding at a rate in excess of the dilatational wave velocity
uf the target material the region of compressed material is confined to a thin
sheil adjacent to the crater surface.

The cavitation regime begins when the projectile has been completely
deformed and is no longer supplying energy 1o the target. Thc c¢rater continues
to grow, but the shock wave detaches itself from the crater surface, because it
decreases in velocity less rapidly than the free surface of the crater During
this regime thc principal mode of deformation is shcar, which occurs parallel
to the walls of the expanding crater. The projectile and target material are both
ejected from thc crater at fairly considerable velocities, and a crater lip.is formed
1n the more ductile target materials. Finally, the energy density in the region near
the frec surface of the crater becomes so low that the intrinsic resistance of the
material to deformation cannot be overcome, At this point the crater ceases to
increase 1n size. In the fcurth regime the crater may shrink somewhat, due to
plastic and elastic recovery.
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CRATER FORMATION IN DUCTILE MATERIALS

TABLE I
Target Velocity Dependent Weighted Least [ 3
Mzterial Ra7ge Variable Squares Fit LILHCE )
km/sec,
Pb 2-12 pc/mp1/5 +0.399 + 0.‘700vp2/3 0.114
Cu 2-12 Pc/mpl/} - 0.766 + 0.671wp2/5 0.225
ca 2-10 1>c/mpl/5 +0.099 + o.snvpa/3 0.147
Za 2 -10 1>c/mp1/3 - 0.472 + o.679vp2/3 0.111
Steel - 1020 2.5 - 5.5 Pc/mp1/5 - 0.641 + o.snvpa/5 0.078
Al - 250 2.5 - 12 Pc/mpl/5 - 0.696 + 1.128vp2/5 0.7
Al - 202k 2.5 - 12 Pc/mpl/5 - 0.605 + 0.729vp2/3 0.165
Pb 2 .12 Dc/mpl/3 +0.891 + 1.358vp2/5 0.213
Cu 2-12 Dc/mpl/3 +0.331 + o.agovpa/3 0.040
ca 2 - 10 Dc/mpl/5 +0.285 + 1.136vp2/5 0.156
Zn 2 -10 Dc/mnl/5 + 0.k20 + 0.866vp2/5 0.030
Steel - 1020 2.5 - 5.5 Dc/mpl/3 +0.418 + 0-665vp2/5 0.0k9
Al - 250 2.5 - 12 Dc/mpi/5 +0.513 + 1.088vpz/5 0.131
Al - 2024 2.5 - 12 Dc/mp /3 + 1.048 + 0.666vp /3 0.191
Pb 2 - 12 Vo/a, +3.917 + o.aasvp2 2.78
Cu 2.12 v/, - 0.481 + 0.223vp2 0.3k
ca 2-.5,5 Vc/m + 0.02k4 + O.hShvpa 0.59
Za 2 -5.5 v /a - 0.295 + o.asiwp2 0.3k
teel - 1020 2.5-55 V/u - 0.195 + 0.092vp2 0.18
Al - 250 2.5 - 55  V/a - 6.029 + 1.131vp2 1.54
Al - 202u 2.5 - 5.5 Vc/mp - 0.726 + 0.268vp2 0.40
where : v_1s in units of km/sec., 1»"’::/1111)1/5 is 4in units of lo-lm/kgl/j,

Dc/mp

1/3

is in units of lo'lm/kg

) Vo/m, 18 in units of 107%° /xg.




CRATER FORMATION IN DUCTILE MATERIALS

'épik (4) and Bjork (5a) in discussing crater formation, treated the early
phases of the process. At the last Symposium a phenomenological model was
presented by Hopkins and Kolsky (1b). They qualitativcly discussed the entire
process, proposing that it could be divided into five regimes, depending for their
limits on the impact velocity and material properties. These regimes are char-
acterized as elastic, plastic, hydrodynamic, compressibie, and thermal, with
progressively higher impact velocities required for each.

This paper describes a number of observations whieh have been performed
within the framework of the model of Eichelberger and Gehring. These observa-
tions fall into three general categories: observations of the effect of target strength
on final crater size; observations of the rate of crater formation; and observations

of shock propagation and atienuation in targets after the impact of hypervelocity
projectiles,

EXPERIMENTAL OBSERVATIONS

1. Observations of the Effect of Target Strength on Final Crater Size

a. Crater Size Observations in Seven Metallic Materials

At the Third and Fourth Hypervelocity Impact Symposia (1c) (5b) (5¢), crater
data in semi-infinite targets of a number of materials were reported by the Ballistic
Researeh Laboratories. At the Fourth Symposium, data for steel projectiles with
masses up to 10 grams and velocities up to 10 km/see were presented. In the past
year and one-half, additional data at impact velocities up to 12 km/sec have been
eolleeted. All BRI. data accumulated to date are summarized in Figures 1-4 and
Table I. The target materials investigated are 1100-0 aluminum, 2024 aluminum,
ecadmium, copper, lead, 1020 steel, and zinc. Crater depth (P.) and erater
diameter (D) have been normalized by dividing by the one-third power of the
projectile mass. Least square fits have been made of these data to the two-thirds
power of the impact velocity. Crater volume (V) has been normalized by dividing
by the projectile mass; it has been fitted to the squarc of thc lmpaet velocity, Re-
gressions and statistics are shown in Table 1.

It should be notcd that the regressions do not differ from those shown at the
IFourth Symposium, Thus it can be concluded that the additional observations at
12 km/sec follow the same rclation as those at lower velocities: the volumc of the
crater is proportional to the encrgy of the projectile. This is in agreement with
the hypothesis that a large portion of the crater volume is formed by a shear process.
The common fundamental property of these seven materials which can be used to
corrclate alt of the data is now hnown, however, an empirical property, the
Brinell hardness, has been used successfully as a gaugc of the resistance of the
targets to shear deformation. It has been found that the ratio of the volume of the
crater to the energy of the impacting projectile varies as the reciprocal of the
Brincll hardness of the target, independently of the mass of the projectile, and
independently of the density of the projectile, for impact velocities greater than
the dilatational wave velocity of the target material.

i
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CRATER FORMATION IN DUCTILE MATERIALS
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Fignre 2. Summary of Normalized Crater Diameter Data for Seven Metal-
lic Target Materials 1n a Range of Impact Velocities from 2 to 12 km/sec,

b. Effect of Ambient Target Temperature on Crater Size

At the Fourth Symposium, Atlison, Becker, and Vitali (1d) reported
vbservations of the effect of target temperature on craters in cadmium, copper,
tead, and zinc. These observations were made in order to determine the effect
v cratering of changes in the mechanical properties of the target. Recently,
these observations have heen extended to include 1100-0 aluminum and 2017-0
aluminum tested at temperatures in excess of 90 per cent of the melting point,
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150 - x 1073 &
kg
Pb
Tolo] &
Ve
Mp
50 |-
Cu
/Cd
Q o A 1 1 —) KM
0 2 a 6 8 10 12 557
IMPACT VELOCITY ”
Iigure 3

Summary of Normalized Crater Volume Data in Lead, Cad-
mium, and Copper ina Range of Impact Velocities from 2 to 12km/see

Steel pellets (mass: 0. 18 grams, velocity: 5. 01 km/sec) were fired into the
targets at normal incidence and the volumes of the craters measured. ‘L'he vol-
umes were plotied as a function of the normalized target temperature, defined
as the quotient of the target temperature at the time of impact (?K) divided by
the melting temperature of the target (°K), these data are plotted in Figure 5,
FFor the 1100-0 aluminum, the crater volume 1s a continually increasing
funcuon of the target temperature over the entire temperature range. This be-
havior 1s very similar to that exhibited by lead, and since all the common
elastic indices of pure aluminum are smoothly varying functions of temperatures,

there 1s little hope of correlating these data with any single mechanical property.
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Figure 4. Summary of Normalized Crater Volume Data in 250 Aluminum,
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The results obtained with the 2017-0 alloy show that the crater volume is an

increasing function of temperature in the range from 0.1 (7T7°K)Y to 0. 7 (55001\');
above 5507 K the crater volume 1s essentially independent of the target tempera-
ture, an effect which possibly may be correlated with the metallurgical behavior
of 2017-0 aluminum at elevated temperatures.
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Figure 5. Effect of Target Temperature on Crater Volume in Targets of Two
Aluminum Alloys,

II. Observations of the Rate of Crater Formation

a. Rate of Crater Formation in lL.ead

Crater formation in lead targets is illustrated in Figures 6a-6o. The
pictures arc a sequence of flash radiographs at the indicated time intervals after
impact. These craters werc made by 0. 18 gram steel pellets striking at 5. 01
km/sec., The radiographs show the impacted surfaces of essentially semi-infinite
targets, and are intended to demonstrate the manner and extent of ejection of tar-
get material from the crater. The material flows along the surface of the expand-
ing crater and is cjected at moderately high velocities. At high impact velocities
the mass of material eiected in this manner is very considerable; the total
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a. -5uSEC b. 15.6 uSEC

C. 26.8 uSEC d. 30.4 u4SEC.

e. 43.2 uSEC. f. 54.6 uSEC.

9. 60.4 uSEC. ! h. 89.8 uSEC

Figure 6. Surface Phenomena Associated with Crater Formation in a Lead Target.
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i. 108.8 u SEC J. I6I.7£SEC.

k. 180.8 uSEC. | 2. 230.0 uSEC.

Figure 6 continued. Surface Phenomena Associated with Crater Formation in a Lead
Target,

Pellet Material -- Steei - 1095
Pellet Mass --0.18 grams

Pellet Velocity -- 5,01 km/sec
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m. 3472 pSEC. .

n. 413.6 uSEC.

Figure 6 continued. Surface Phenomena Associated with Crater Formation
in a Lead Target
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m. 3472 uSEC. .

- n. 413.6 uSEC.

Figure 6 continued. Surface Phenomena Associated with Crater Formation
in a Lead Target
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Figure 6 continued. Surface Phenomena Associated with Crater Formation in a Lead
Target.
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Figure 7. Maximum Normal Height of Material Ejected

from Craters in Lead Targets.

momentum in the direction from which the pellet impacted agsociated with this
ejecta is many times greater than the initial momentum, in the opposite direction,
of the impacting projectile, so that the total forward momentum that must some-
how be absorbed by the target material is also many times greater than that of
the projectile.

The pieces of material ejected from the crater lip are not uniform in size,
There is a definite trend toward larger pieces later in the process. These later

pieces are ejected at continually lower velocities. The maximum normal height
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of ejected material is plotted as a function of tiine in Figure 7. The points at the
latest times may be unrepresentatively low, because ejecta may have passed out
of the field of the x-ray film. The data indicate a maximum velocity of 1 km/sec
for the ejected material. Since measurements have not been made of the ejection
velocity as a function of e¢jecta size, it is not possible to calculate the total mo-

mentum in the backward direction, It can be stated, however, from measure-

ments of the mass of the target before and after 1mpact, that fully one-half of the
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displaced crater volume is ejected under these impact conditions, which yields »
total ejected mass of about 35 grams, compared to the incident mass of 0. 18 grams,

Since lead is quite opaque to x-rays it is not possible to obtain an actual
time history of the crater depth and diameter, measured at the level of the impacted
surface. However, it is possible to obtain an appreciation for the growth of the
crater diameter. In Figure 8 the minimum outside diameter of the crater lip has
been plotted as a function of time, This increases very rapidly for the first 100
microseconds, then rises more slowly, apparently reaching a peak about 400 micro-
seconds after impact. Subsequently there is a decline in the crater lip diameter.
The initial phase of the crater growth does not correspond to the duration of the
transient and steady-state regimes in the model, these having been calculated to be
about one microsecond for the projectile used in this series of observations. Rather,
these observations fall in the cavitation regime, where the material is flowing with-
out impetus from the impacting projectile, and where the resistance to flow is supplied
principally by the dynamic shear strength. Gradually, as the energy density de-
creases in the vicinity of the crater, the shear strength becomes more effective and
the rate of crater growth is slowed considerably. Finally, it is reversed, due to
plastic and elastic recovery, eventually reaching its final value, shown as the region
between the dashed lines on the graph. For comparison, the final value of the inside
crater diameter is ploited as a solid line on the same graph.

b. Rate of Crater Formation in Aluminum and Lucite

The rates of crater growth in 1100-0 aluminum and in Lucite are shown
in Figures 9-11. The measurements of crater size in aluminum were made from
flash radiographs, while those in the Lucite were made from a streak camera
record. In both cases the projectile was a 0. 18 gram steel disc; the impact veloc-
ity into aluminum was 5. 01 km/sec, while into Lucite it was 4. 6 kin/sec. Thus
the impact conditions were almost identical with those in the crater rate study in
lead described in Section Il a. The final crater in Lucite, while difficult to meas-~
ure because of local fracture around the crater, was 15 mm deep; thus the crater
formation process in Lucite is essentially complete in about 10 microseconds,
In aluminum, the duration of the crater formation process is about 60 microseconds,
while the transient ard steady-state phase should encompass about 0.5 microseconds
for the impact in aluminum and 0.7 microseconds for the impact in Lucite, because
of the differing densities of aluminum and Lucite. Thus, in Lucite the cavitation
regime lasts about fiftcen times longer than the transient and steady-state regimes,
while in aluminum it lasts about 120 times longer than the transient and steady-
state regimes. This difference is probably due to the difference in behavior of
brittle and ductile materials at high rates of strain, The more ductile aluminum
exhibits a reduced resistancc to deformation at extreme rates; on the other hand,
the less ductile lLucite exhibits an increased strength, over its static strength,
at high strain rates. (See Section lII.)

c. Rate of Crater Formation in Wax

Crater formation has becn observed in nine-inch thick blocks of wax,
transparent to 600 kilovolt x-rays. A sequence of these craters at the indicated
times is shown in Figure 12a-12k. Gross differences in exposure, due to the large
thickness of the target, made it necessary to use shielding in front of that part of
the film which was directly exposed to the x-ray beam. This effectively cut down
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the scattered radiation which otherwise would have obscured the image of the

crater, but at the same time produced a loss of detail in the crater lip. The in-
stantaneous crater diameter and crater depth, however, are clearly evident. It
should be mentioned that this sequence is not at exactly the same magnification,

The first phase of the investigation with wax targets involved observation
of craters produced by small explosive charges. The craters shown in Figure 12
were made by one-half inch diameter by one-half inch long tetryl pellets, detonated
while in contact with the surface of the target. Subsequently, crater formation by
other size explosive charges and various hypervelocity pellets will be studied.

The instantaneous crater diameter and crater depth are plotted in Figures
13 and 14 as functions of time after impact of the detonation front on the target sur-
face. The crater diameter increases very rapidly in the first 100 microseconds,
in the same manner as the minimum crater lip diameter does in the lead target;
then, a further, much more slow, increase in diameter ensues, with rebound to
the final value of the diameter commencing about 1000 microseconds after the
crater started to form. The rebound in diameter observed is about ten per cent
of the final diameter. The rebound is crater depth is much more pronounced.
After the initial rapid rate of growth is completed the crater is forty per cent
deeper than its final depth. During the following 900 microseconds the crater
depth decays exponentially, and is still ten per cent greater than its final value
when the last observation was made. The ratio of crater depth to crater diameter,
or crater profile, plotted in Figure 15, reaches its final value about 400 micro-
seconds after the process started, The final crater is not a hemisphere, as would
be expected in the case of pellet impact; rather, it is somewhat shallower, because
an explosive charge instead of a hypervelocity pellet was used. Not only is the in-
trinsic mechanism by which craters are formed by explosive charges different,
because the energy is not all delivered in a direction normal to the surface of the
target, but also the energy applied per unit area of the targct surface is less than
5 per cent of that when a steel pellet impacts at 5 km/sec.

III. Shock Propagation and Attenuation

Details of shock propagation, and its attenuation, associatcd with the
impact of a hypervelocity pellet are best illustrated by using transparent targets
and optical photography. Figure 16 shows a selected frame in a sequence taken
with a 1. 2 million frame per second framing camera. The target is Lucite; the
impact was produced by a 0. 18 gram steel pellet, striking at 4. 6 km/sec. Eleven
microseconds after impact the shock envelopc and the free surfacc of the crater
behind it can be seen. For quantitative purposes, a streak camera provides
better data than a framing camera. A rotating mirror camcra picture of an im-
pact similar to that in Figurc 16 is shown in Figure 17, which constitutes a time-
distance plot of events occurring in a plane that contains the trajectory of the
impacting pellet. It shows: (1) the pellet before striking the target, (2) the
shock wave in the target, (3) thc surfacc of the expanding crater, and (4) the
envelope of cracks propagating through the target. The propagation of fracture
in the target prcvented obscrvation of the crater after it had attained its final
depth. Represcntative data are shown in Figure 18. The intensity of the shock
wave in lLucite 1s plotted as a function of distance from paint of impact, The initial
pressurc is dctermincd by the shock properties of the pellet and target materials
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C. 40 uSEC.

Figure 12. Time-sequence of a Crater Forming in a Wax Target
After the Detonation of a Small Explosive Charge on the Surface.
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e. 120 uSEC.

Figure 12 continued. Time-sequence of a Crater Forminy in a
Wax Target After the Detonation of a Small Explosive Charge
on the Surfacc.
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9. 440 u SEC.

Figure 12 continued. Time-sequence of a Crater Forming in a
Wax Target After the Detonation of a Small Explosive Charge on
the Surface.
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i. 840 uSEC.

Figure 12 continued. Time-sequence of a Crater Forming in a Wax Target
Aifter the Detonation of a Small Expiosive Charge on the Surface,
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j. 1000 uSEC.

k. FINAL CRATER

Figure 12 continued. Time-sequence of a Crater Forming in a
Wax Target After the Detonation of a Small Explosive Charge on
the Surface,
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and the impact velocities; it corresponds to the theoretical prediction for a

plane impact. The initiai pressure falls off very rapidly, as the wave propagates
into the material, even during the period in which the crater expands so rapidly
that the shock wave cannot detach. This is conlistent with the concept that, as
soon as the deformation of the projectile and target begins, the pressure at the
contact surface will fall to the Bernoulli value ‘(for compressible materials).

The magnitude of the pressures should be particularly noted, together with the
fact that the pressure, for a given pair of materials, will increase with the square
of the impact velocity. It can be seen that the original pressure on the target was
nearly 300 kilobars; and, at the distance of 15 mm in the target, the pressure had
fallen to approximately 20 kilobars, or approximately 300,000 psi. Note that the
crater ceased to enlarge beyond 15 mm in depth, and that the Lucite was able to
withstand flow under a compressive force of this magnitude, while the static ten-
sile strength is of the order of 4,000-6, 000 psi, This supports the conclusion
that the dynamic strength of the more brittle materials, such as Lucite, increases
with increasing strain rate.

CONCLUSIONS

The experimental observations all tend to support the model discussed in
the Introduction.

1. The crater size observations at various impact velocities in a number
of target materials, and the crater size observations in the two aluminum alloys
at various temperatures indicate that the strength of the target material is the
predominant factor in determining the final crater size in targets of ductile
materials.

2. The investigation of shock propagation gives evidence that the dynamic
strengths of materials under hypervelocity impact substantially exceed those
under static loading conditions, in targets of brittle materials.

3. The observations of crater growth show that craters are formed in
periods of time long compared with those for the completion of the transient and
steady-state regimes. They also substantiate the existence of a rebound in the
crater dimensions in the latest stages of its development,
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HYPERVELOCITY IMPACT STUDIES IN WAX
J. T. Frasier
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Providence, Rhode Island

B. G. Karpov
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Aberdeen Proving Ground, Maryland

INTRODUCTION

The purpose of this paper is to present the techniques and results of an
experimental program being conducted in the Exterior Ballistics l.aboratory at
Aberdeen Proving Ground for the investigation of hypervelocity impact. The
intent of this prograrn is to contribute to what are felt to be two basic needs for
as complete an understanding as possible of the impact cratering process. The
first of these needs is for quantitative experimental information defining the stress
levels, deformation rates, and behavior of solids under the severe conditions of
loading associated with the cratering mechanism. This information is necessary
in the formulation of rational theoretical analyses describing the damage process.
The second need is for means through which the vaiidity of any particular theory
can he evaluated. At present, little other than observation of the final geometry
of an impact crater is possible. It would be desirable to have methods available
through which more detailed evaluations of the predictions of theoretical analyses
could be accomplished.

To fulfill the intent of the E. B. L. program, its major emphasis has been
toward the development and use «f experimental techniques capable of providing
significant data concerning the transient response of targets to macro-particle
impacts and the condition of targets suosequent to completion of the cratering
prcecess.  To date, all experimentation has made use of wax targets, 'This ma-
terial was selected because of several attractive features it possesses for in-
vestigations of the type desired. The most important of these is that it provides
a means whereby target blocks can be internally instrumented with relative ease
for the purpose of gathering transrent data, Also, 1t has a relatively low dilata-
tional wave velocity (approximately 1. 85 km/sec) and, as a result, allows inves-
tigations of a fairly broad range of impact conditions as determined Ly the ratio
(V/C) of impact velocity to dilatational wave velocity., These characteristics
coupled with the fact that the conventional mechanical properties and impact
behavior of wax are essentially those of a soft, ductile metal, makes it well suited
for the purposes at hand. The specific material in use is Petroflex Plastic Wax*

*Manufactared by Petroflex Corp. . now Beeline Refining Co., Salt Lake City, Utah.
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(p=0.91 gm/cm3). This is a petrolatum and paraffin mixture which is crys-
talline in structure. Its impact craters are visually similar to those in metallic
targets having well formed lips and minimal spalling, see Figure 1. It may be

cast Into homogeneous blocks free of entrained gas pockets and other inclusions
with little difficulty.

At present, significant information regarding the impact response of wax
targets has been obtained {rom several types of tests, These are:

1} standard crater damage tests,

2} tests in which data have been collected for determining the .
velocity of propagation and pressures of the disturbance
generated in target blocks by pellet impacts,

3) tests which provide data concerning the final deformation
state and den ity distribution in damaged targets,

4) and investigation of the amount and condition of the material
detached from the target blocks as a result of 1impact,

T

In the following presentation the techniques, resulis, and consequences of the

LOW

above mentioned tests will be given, Ina ases, the experiments werce vonducte
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by firing 0. 30 cal plastic (ethocel, » =1.2 gm/cm?‘) projectiles initially weighing
approximately one-half gram into nine inch cube target biocks. An N.R. L. type

light-gas gun was used as projectile launcher in conjunction with an evacuated
range facilif.y(l).

CRATERING EXPERIMENTS

Conventional cratering experiments were conducted on the wax target
material for the purpose of obtaining a general knowledge of its impact behavior
and to determine whether this behavior is similar to that exhibited by metals.
These results have been reported elsewhere ) and will only be summarized
here to provide a brief demonstration of the cratering characteristics of the mu-
terial. The data gathered in the course of the tests were the initial mass and
impact velocity of the projectiles, and the depth, diameter, and volume of the
craters formed in the target blocks. Crater dimensions were referenced to the
undistrubed face cf the blocks by removing the crater lips prior to making meas-

urements. The range of impact velocities covered was 0. 46 to 5.28 km/sec (V/C
from 0. 25 to 2. 88).

Figures 2, 3, 4, and 5 present the data on cratering. As can be seen by
comparing these results with similar data for metallic targets, the behavior
demonstrated by these curves is qualitatively that of most metals. In particular,
this is true for such materials as copper, zinc, cadmium, and lead for which
data is available for a comparable range of the parameter V/C. (See, for instance,
References 3, 4, and 5.) In the case of lead, considerable data are available for
comparison and it is worthy of note that both this metal and wax demonstrate.the
dip in the normalized crater depth versus impact velocity curve in evidence in
Figure 2. Also, the linear dependence of crater area on impact momentum
shown in Figure 5 is common to both. Furthermore, wax, as lead, possesses a

non-linear relation between crater volume and kinetic energy of impact projectile,
Figure 3.

The general conclusion provided by the wax cratering data is that, where
comparison is possible, this material's impact behavior is in no way qualitatively
dissimilar-to that of metals. The consequence of this similarity of behavior is
that it implies more detailed obscrvation of the response of wax to the impact
process can yieid pertinent information on the mechanics of linpact damage in

materials of more practical interest. On this basis, study of the transient re-

sponse and the condition subsequent to crater formation of wax targets has been
pursued,.

THE TRANSIENT RESPONSE OF WAX TARGETS TO IMPACT

To obtain information concerning the transient behavior of targets under
impact conditions, a technique has been developed which is capable of providing
data concermng the propagation and particie vetocities at the front of the disturb-
ance generated in targets by an impacting pellet.  The hasis of this technique is
the e.m. f. generated 1n a wire moving in a magnetic field. 'this is made use of
by imbedding fine wir=s (0. 003 1n. Cu) at selected positions within the targets,
placing the blocks in a strong magnetic field, and monitoring on oscillescopes
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the e. m. f. induced in the wires when they are set in motion by the particles
surrounding them during the target deformation process. The monitored e. m. f,
provides time of arrival data of the disturbance front at each wire station and
the velocity history of each wire. With this information, it is possible to cal-
culate the velocity of propagation of the front and the veloeity of the particles
behind it. Consequently, by use of the standard relations for conservation of
mass and momentum through a shock, the pressure, p, (strictly, the com-
pressive stress normal to the front), and the velume change through the front
can be determined. Thesc relations are:

P

e

py Uv (1)

(U-v)/ U (2)
where

PO is the material density ahead of the front,

U is the velocity of propagation of the front,

v is the particle velocity directly behind the front, and

T and T, are the volumes per unit mass directly behind and
ahead of the front, respectively.

To date, two variations of the basic technique described above have been
utilized. In the first, wires are placed through the entire width of the targets so
that a nine inch length is normal to the trajectory of the pellet and transverse to
the flux lines of the magnetic field surrounding the blocks see Figure 6. The
standard arrangement makes use of three pick-up wires monitored by two dual
beam oscilloscopes. The intermediate pick-up wire is observed on each oscil-
loscope to provide reliable time of arrival data. Typical records from a firing
using the set-up are shown in Figure 7TA. The oscilloscopes are triggercd by
a break wire on the face of the targets.

The second variation of the pick-up wire technique is identical to that
just described except that the wires are placed within the blocks with only one-
half inch of their length transverse to the magnetic flux lines, This "short
wire' arrangement provides data which can be more reliably interpreted in
terms of the particle velocity history in the disturbed target than the first
variation. This will be remarked upon in more detail later.

The initial tests whiea were cenducted with the velocity pick-up wire
technique made use of the first, "long wire,' variation described sbove (@),
They provided a general survey of iire pellet engendered disturbance as it
traveled through the turget blocks: gave an indication of the usefulness and
reliability of the experimental technique; and served as a guide in planning
further tests. A summary of the most significant results from these tests will
he given here, The experrments were performed with wires placed either three
and six mches; two, four. and six inches. or one, two. and three inches from
the impacted target face. With these wire spacings, extensive firings in the
low 1mpact velocity range of 0.4 to 1. 6 km/sec showed the propagation velocity
of the disturbance to be constant at about 1.85 to 1. 90 km/sec. This is the
dilatational wave velocity of the target. To observe propagation velucities
definitely 1n excess of this constant value, it was necessary to exceed an
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impact velocity of 3.0 km/sec with wires placed one, two, and three inches from
the point of impact. Results of such tests are shown in Figures 8A and 8B as

plots of average wave velocity between wire stations versus impact velocity. The
first plot shows a constant average velccity betweén wires two inches, four inches,
and six inches from the face of the block for impact velocities up to 1. 6 km/sec.
The second plot indicates that the wave velocity increases linearly (wires at one,
two, and three inches from face) with impact velocity. As a means of reference,

it is worth noting here that the final crater depths associated with the impacts
above 3.0 k-n/sec were greater than one inch, the location of the first wire station.

At impact velocities of 0. 76 km/sec and 4. 06 km/sec the long wire e. m.f. -
time records provided by the oscilloscopes were used to evaluate the particle
velocity directly behind the front of the disturbance traveling through the target
blocks (see Reference 2 for the details of this analysis). With this data and the
propagation velocities provided by Figure 8, the pressures and volume ratios,

T /10, at the front were detcrmined from Equations 1 and 2. ,The results of
these calculations are shown in Figure 9 as plots of pressure versus distance
from point of impact and, in Figure 12, as points for the Hugoniot curve of the
target wax. To provide a reference scale for the data of Figure 9; the final
crater depth, the tensile rupture strength (static), and strong shock threshold
pressure of the targets have been indicated on the graphs. The latter pressure
is that at which the propagation velocity first exceeds the dilatational value and is
about 4 x 108 dynes/cmz.

Two features of the data presented in Figures 8, 9, and 12 should be re-
marked upon here. The first is the rapid decay of both propagation velocity
(when above 1. 85 km/sec) and pressure as the wave front progresses through
the targets. A more detailed knowledge of the character of the attenuation would
be useful and naturally suggests the use of wire spacings appreciably smaller than
the one inch of these data. Details of the manner in which the propagation velocity
decreases as the wave front travels into the blocks are required to avoid introduc-
ing uncertainties in evaluation of p and 7/ 7 from Equations 1 and 2. This
difficulty arises when U exceeds 1. 85 km/sec and use is made of an average
velocity determined by widely separated timing stations.

The second significant feature of the data is the extremely good agreement
between the cxperimentally dctermined low pressure portion of thc Hugoniot and
that predicted by the bulk modulus of the target material, i.c., d _ = -K

dr/r,)
This provides an encouraging overall evaulation ot the creditability of the pick-un
wire technique,

In order to obtain more detailed information concerning pressure and
velocity of propagation, tests are currently becing conducted using a station-to-
station spacing between wires of 1/4 inch. Also, the short-wire (1/2 inch trans-
verse to magnetic field) variation of the basic wire technique is being utilized,
This is done to avoid the somewhat tedious and uncertain analysis required to
deternune particle velocities from tne wong wire e. m. f. -time records. The dif-
ficulties are a result of the fact that the length of a long wire in motion continually
Increases as it is enveloped by the hcmispherical wave front. However, a half-
inch wire length is sufficiently short to be considercd constant for prartical pur-
poses and its velocity and that of the particles surrounding it is given by:
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v= e/B 2 (3)
where e = observed e. m. {., abvolts,

B = magnetic flux density, lines /cm2, and

2 = length of pick-up wire, cm,

At present, the most extensive data obtained from short-wire tests are
for an impact velocity of 4. 0 km/see. In Figure 10, data of these experiments
are given as a plot of average wave velocity between the 1/4-inch timing stations
against distance from the impact face. These data show the history of the veloc-
ity of the front with considerable detail. Specifically, the rapidity and non-
linearity of the deecay should be noted.
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Figure 10

To determine the pressures at the front of the disturbance, the e, m. . -
time oscilloscope records were interpreted to evaluate the particle velocities
directly behind the shock. Typical short-wire oscillnscaope records are shown
in Figure 7B. To evaluate the particle velocity, the peak e. m. f. of these re-.
cords is read and used in Equation (3). Thus, with this data and the wave veloc-
ities provided by Figure iU, the pressures and volume ratios, r/ r,, may be
caleculated. In Figure 11, the averaged results of the pressure evaluations are
shown on a semi-logarithmic plot of pressure against distance from the point of
impact. The data indicatc an exponential decay with distance. The rate of attenua-
tion is of the order of 4 to 1 for each inch of travel. This is in substantial agree-
ment with the data of Figure 9.
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The magnitude of the pressures shown in Figure 11 should be pointed out.o
At a distance of one inch from the target face, the evaluated pressure is 56 x 10¥
dynes/cm2. This is more than two orders-of-magnitude greater than the conven-
tional static tengile rupture strength of the wax (0.24 x 10 dynes/cmz). Also, it
should be noted that the strong shock threshold pressure of about 4 x 108 dynes/
cm? is an order-of-magnitude greater than the rupture strength. This latter
pressure is reached at a distance of about 2 3/4 inches from the face of the target.
Thus, it is seen that relatively intense pressures are present at the shoek front
for appreciable distances into the blocks.

The pressures set forth in Figure 11 and the corresponding values of 7/ LN
given by Equation (3) are shown in Figure 12 as points for the Hugoniot curve of
the target wax. These data join well with those provided by the long wire tests
at low pressure. The agreement at higher pressures (30 x 108 dynes/cm?) is not
as good, but this was to be expected due to the uncertainty in the long wire pres-
sure evaluations when U exceeded 1. 85 km/sec.

TERMINAL CHARACTERISTICS OF TARGET BLOCKS

In order to have definitive data regarding the condition of targets sub-
sequent to completion of the cratering mechanism, mcthods are being develuped
for examining their final deformation state and for determining the condition
and amount of material detached from them as a result of impact. Presently,
the results of such experiments are only partially quantitative, However, they
arc informative and will be described here.

To examine the final deformation state within targets, they are cast in
alternating layers of dyed and colorless wax, fired upon, and then sectioned
through the center of the crater, The result of such a test at an impact velocity
of 4.0 km/sec is shown in Figure 1. As demonstrated by the photograph, it has
been possible to cast a portion of the target in firmly bound layers having dis-
tinct boundaries. The most interesting featuie of this photograph is the overall
view 1t gives of the final target deformation. In particular, it is worth noting
that the entire lower portion of the crater is definitely lined with the wax of the
first colored layer below the surface. The initial depth of the lower boundary of
this layer was about 5/8 inches while the final crater depth was 1 1/2 inches.
This 1ndicates that all the material actually expelled from the tarpet during crater
formation is 1initially quite c¢lcse to the target surface and that the majority of the

crater formation simply consists of transport of material from one location in the
target to anothey. :

Anorher interesting feature of the final condition of wax target blocks is
the character of the highly disturbed region in the vicinity of the crater. This
region i1s very distinct in any sectioned target and can be seen in Figure 13. It
seems to be analogous to that secn in sectioned and etched metallic targets where
an area of definite change in crystal structure 1s present (6)  In the case of wax,
it has becen found that the density of this region is definitcly less than that of the
undisturbed material. Whether this is due to sevcre fracture or dilatation as a
result of the pressure release wave 1s not known.
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Figure 13

To investigate the armount and character of the material severed from
damaged blocks, their mass loss has been determined by weighing targets before
and after firings. Also, a collector has been employed to gather the expelled wax.
For 4. 0 km/sec impaets the mass of the detached material is approximately 30
percent of that required to fill the final volume of the erater. Abocut two-thirds
of this 30 pereent eonsists of large spalls from the lips of the crater. The re-
maining third is in the form of small, uniform size particles which apparently
are separated from the target during the early stages of contact between pellet
and target. A further characteristic of the material expelled from targets is
the presence of a very small amount of vaporization. This 1s indicated by
deposition of a very thin wax filin on the observation ports of the evacuated range
during tests. No estimate of the mass of material vaporized has been possible.
The presence of vaporization, of course, implies the existence of relatively high
temperatures at the target surface during the very initial stages of crater forma-
tion, at least. Further evidence of high temperatures is given by the recovery
of charred particles of the plastic projeetiles in use,

DISCUSSION OF EXPERIMENTAL TECHNIQUE AND RESULTS

Comment 1s necessary on the accuracy of the pick-up wire technique used
to evaluate wave velocities, particle velocities, and pressures.. Based on the
reliability of the times read from the oscilloscope records and the accuraey of
wire placement, the expected maximum errors of individual average wave veloe-
ities determined in the long and short wire tests are t 6 percent and % 10 per-
cent, respectively, Of course, the reliability of averaged data from a number of
tests Is better,
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The adequaey of the methcd used to determine particle velocities is
difficult to 2ssess quantitatively. Basically, the uscfulness of the technique
depends upon whether the pick-up wires assume the motion of the particles sur-
rounding them. As a result of examining sectioned targets subsequent to impaet
tests for evidence of relative motion between wires and the material round them,
and by eomparing oscilloscope reeords from pick-up wires of various densities,
it appears an accurate description of the wax's motion is provided by the e, m. f, -
time data, Furthermore, the overall aceuracy ot the entire method of data acqui-
sition and reduction associated with determining particle velocities, pressures,
and volume ratios ean be examined through use of the Hugoniot. As noted earlier,
the agreement of the experimentally determined low pressure portion of the curve
with its predicted shape is very good. At higher pressures, comparison of the
present results with extrapolated data (minimum pressure of 500 x ol aynes/
cm®) of tests performed on a paraffin wax (p also 0. 91 gm/cma) by investigators
at Los Alamos {7} is also extremely good. In fact, the solid curve used to repre-
sent the data points of Figure 12 is that of the analytie fit of the Los Alamos data.

In view of the factors mentioned above, it does not seem unreasonable
to assign arbitrarily an accuracy to the Hugoniot data of about * 15 percent. Of
course, this figure applies to the averaged data of a number of tests and not the
results of a particular experiment. While greater aceuracy is certainly desirable
and is antieipated with refinemint of techniques, that presently atiainable is not
particularly distressing in view of the severe laek of quantitative data of the type
provided by these tests. In short, the test results are meaningful.

With the results presented in the precedingseetions in mind, a brief
partiaily quantitative, description of the transient response of wax targets to
impaet can be given. Attention must be focused on the 4.0 km/sec ease (Figures
10, 11, and 12). However, this is totally representative, since it is well within
the hypervelocity region of the target material, i.e., V/C = 2.16, The pressure
initially generated at the target face by the pellet is very intense and may be
roughly estimated by extrapolation of the curve of ifigure 10. This gives a value
of 230 x 108 dynes/cm®, a pressure three orders-of-magnitude greater than the
conventional mechanical strength of the material (= 0. 24 x 108 dynes/cmz).
Associated with this intense pressure are temperatures sufficiently high to cause
‘a very small amount of vaporization of the target. Subsequent to the initial con-
tact of pellet and target; the pellet is rapidly expended (in the order of 10 4 sce),
a relatively small amount of material is expelled {from the block in the form of
particles, and a hemispherical shock front starts to travel throngh the target,
The velocity and pressure of this front attennate fuirly rapidly as 1t progresses,
By the time it has reached the position of the final crater depth, iis pressure has
decreased to about 36 x 108 dyncs/(:m2. With continued travel, the pressure
decays to the sirong shock threshoid at a distance into the target about twiee the
final crater depth.  The wave front then iravels at the dilatauonal velocity with
continued decay of pressure, sece Figures 10 and YA, As regards the final defor
imation of the target, reference to Figure 1 shows that very severe deformation of
the target s confined to a reglon within about /4 inch of the crater surface.
However, as indicated by Figure 13, the material is markedly disturbed to an
appreciably greater depth,

As noted previously, the largest of the pressures represented by the
results given here 1s several orders-of-magnitude greater than the conventional
&

386




STUDIES IN WAX

mechanical strength of the target wax. This is the case in any material suffering

a hypervelocity impact. The existence of such pressures at the front of the dis-
turbance in the targets implies rather severe stress levels within the region under-
going deformation. As a result of these stresses, it is frequently assumed the
strength of the target material may be neglected in describing the cratering mecha-
nism; the customary basis of the assumption being that the mechanical strength is
very small compared to the stresses. The process of crater formation, or at
least portions of it, is then termed "fluid" or "hydrodynamic'. The adequacy of
this assumption is the subject of controversy and the usual justification for its use
is certainly not tenable. Whether the fluid concept of the impact process is rea-
sonable must be based on a comparison of stress gradients and material strength,
and not on a comparison of stresses, per se, and material strength. Stated other-
wise, the pertinent question is whether the strength of the material is small com-
pared to the inertial forces present during the impact deformation process. Based
on the criteria emphasized above, arguments too numerous to etlaborate on here
may be devised to substantiate or refute the hydrodynamic concept of impact
damage. The authors' opinion is that it is an extreme simplification when applied
to any stage of the cratering mechanism other than that when the project maintains
a semblance of its integrity. However, arguments for or against the assumption
are, in the main, of the plausibility variety.

Definitive quantitative experimental data is needed to settle questions
concerning the impact process such as that mentioned in the preceding paragraph.
Such information can only be obtained from experiments specifically designed to
vield pertinent and reliable results about the transient and terminal characteristics
of cratering. In this manner, appropriate concepts can be conceived and evaluated.
The techniques and results presented in this paper show that the study of wax tar-
gets under impact conditions is a very useful means for obtaining the desired
information. This is a result of the relative ease with which it can be instrumented
and observed both during and subsequent to the cratering phenomenon. Further
advantage will be taken of its uscfulness through design and application of meaning-
ful cxperimental methods.
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CORRELATION OF HYPERVELOCITY IMPACT DATA
Walter Herrmann and Arfon H. Jones

Massachusetts Institute of Technology
Cambridge, Massachusetts

ABSTRACT

Published experimental data on cratering by high velocity projectiles in
quasi-infinite metallic targets, comprising over 1,700 data points, generated at
fifteen laboratories, were collected and analyzed statistically. The fit of the
data to a simple power law was investigated, and it was found that the penetration
depth in the high velocity region is best fitted by the ncn-dimensional equation

P /3 w3

where P is the penetration, d the projectile dimension, K= Pp/P'

the projectile to target density ratio, and B = p, V¥ He , where V is
the projectile velocity and H¢ the Brinell Hardness of the target, in appropriate
units. The value of K is near 0. 36 for most materials. It was found that the
cratering efficiency could be approximately fitted by

E -2/3
0 A5 S H
Ve |l(-K !

where E is the projectile kinetic energy and Ve the crater volume, with a value
of K near 3.1 for most materials.

The experimental data were also compared with the theoretical prediction
of Grimminger, Bohn and Fuchs, Bjork, Opik, Whipple, Langton, and Grow, and
hydrodynamic jet theory. Only the theory of Bohn and Fuchs showed reasonable
agreement over most of the velocity range. Pased on this observation, the fit of
the data to an empirical expression of the type

273
% = kK™ Iog.(l + Lk—z&)

was investigated. This expression was found to fit the experimental data for
ductile projectiles over the entire experimental velocity range. The constants
ki and kg were found to be close to 0. 6 and 4 respectively for most materials,
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Validity of exirapolations of these expressions to higher velocities is
discussed, and it is concluded that, bccause the expressions are not based on
rational theoretical grounds, extrapolation either to higher velocities or other
materials cannot be carried out with any confidence.

1. INTRODUCTION

Cratering and penetration of targets by projectiles traveling at velocities
at which the projectile suffers severe deformation or breakup has recently re-
ceived a great deal of attention, due to the importance of this phenomenon in the
protection and lethality of space vehicles and ballistic missiles.

A great deal of experimental data has been publishcd by a number of
laboratories, and considerable theoretical work has appeared during the last few
years, Limited comparisons of data from one laboratory with those from another,
and of experimental data with theoretical predictions have shown some large dis-
crepancies.' Considerable confusion exists, because, except in a few instances,
the data from one laboratory are not directly comparable with those from another,
since identical materials, projectile shapes and velocity ranges were not used.
Kach laboratory has produced a different empirical expression which was found to
fit the limited range in experimental parameters explored at that laboratory. The
empirical expressions are more or less contradictory, and when extrapolated to

velocities of interest in space applications, lead to large disagreements in predicted
penetration.

Consequently a study of currently available impact data was carried out in
an cffort to clarify the situation. Insufficient data were available for projectile-
target configurations, other than normal incidence on a quasi-infinite metallic
target, to warrant extensive correlation, and this study was therefore restricted
to the latter configuration,

2. EXPERIMENTAL DATA

During the data acquisition phase, thirty-nine groups active in high velocity
impact were contacted. The work in progress at each laboratory is indicated in
Table I. Data on penetration depths, diameters and volumes in quasi-infinite targets,
released prior to April 1961, was gathered.

In many cases, the data was presented in non-dimensional graphical form.
Actual tabulations of measured quantities were supplied in only a few instances, In
most cases, additional information had to be rvquested, in order to extract meas-
ured quantities from data plots. In a few cases, some difficulty was experienced
in extracting measured quantities from data plots, due to the fact that relevant
information was not provided, or because only excessively small scale data plots

were supplied, and as a consequence some uncertainty is associated with the cor-
responding data.

Considerable difficulty was experienced in obtaining reliable material

property infermation, Material properties such as indentation hardness were
measured on the actual target specimens in only a few instances. In many cases,
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TABLE I ESTABLISMMENTS ACTIVE IN HIGH VELOCITY RESEARCH

ACCELERATORS Tanee1s

LABORATORY

o CNITY
CHanstd
POWDER BN
men ENLOSVE
[
TPLOOWS WRE
Vet
CTRCALLY WATED
nag OUR
LECTND- BASNE TIC
MLECTRO-STATC
ACCIL ERATOR
PROTON OUARSED
raaTELE
ACCELERATOR
SEIM-IPWNTE
TARETS
ronte
TARSL TS
T TARSETS
BPACLO THIY
PLATE TARGETS
RS
MEATED TARGETS
NON WETAL
TARGETS

ONC SmENES
CLIENS
MICROPATICLES

ALROUET oEZnTAM.
CORPORATION

> (44

>
b

ARDL, FORT WALSTEAS,
UNTED MNGDOM

X | 3 | sureo cranees

ARD SICORPORATED X

ARMOUR AZSEARCH x
FOUNCATION £2CAG0N

ACO , WRLMNG TON

BALLIETIC RESLAACH X X
LABORATORY

X | omuam weacTS

X I (> | > | x| > |Xx

CARDE

x | > X |Xx
b
b

or wings x

CONwAn, Sam DO X X X

DENVER RNESEARCH

- x |x X

wLin Are X X|x 1 X | X

TRANFORD ARSOMAL X

> | > [ > | > | > x> [X

eEMENAL ELECTRC

Coupanry X X X X

SRARAN APCRAFT

LENCOLN LABDRATORY. N LT

NAT, ASNL

NALA aANES

x [ x| > {Xx
b

WAS A LMMREY

NAwAL. OFDRANCE
TEST STATOR

lx

WAL RESLARCH
LASOR ATORY

XX x| X | X
x | X | x |x

> | x| x

NORTH ANEMCAN X

PCATIIGY MEERAL X

THOMPOON  R.8880- WOOLSM004] X
cawanaton

MO S A BLO XS0N X
WCORPORSTES

x > x| Xx

[ U NN Pﬂ;!:. X X

TEOMCAL OPER ANONS X

VEVENETY OF yTtaw x x x x x

x
b
b
x

Ve RENFARCH AND

39




CORRELATION OF HYPERVELOCITY IMPACT DATA

material properties had to be taken from handbooks, (Ref. 1) corresponding to the
material specification, with a consequent large uncertainty. In several instances,
material specifications were so incomplete as to make it impossible to deduce even
very approximate values for material properties, thus rendering the corresponding
data valueless for the present correlation,

It is very strongly urged that experimenters publish tabulations of measured
quantities in all future work, and determine actual material properties of the target
and projectile materials, so that the experimental data will be more generally useful,

The extracted data has been tabulated in uniform units and format in Ref-
erence 2, Over 1,700 data points were obtained for normal impaet on quasi-infinite
metallic targets. Most of this data lay in the veloncity range 1, 500-10, 000 ft/sec.
Fifty-two projectile material-target material combinations are represented. These
are shown in matrix form in Table Il together with the veloeity ranges covered by
the data for each material eombination,

For those material eombinations for which a reasonably large number of
experimental points existed, plots of penetration versus veloeity were prepared.
Sinee both spherical and cylindrical projectiles of different sizes were represented,
the penetration arbitrarily was normalized by the equivalent sphere diameter

defined as
”a
a= ($3)
’ (1)

While data for a few material combinations from individual laboratories was very
smooth and showed little scatter, most of the data shiowed scatter of the order of

t 0.05inpsd, where p is the penetration depth, With the above definition of

d , 1o shapeé or size effect could be detecied within the seatter of the data, How-
ever, the scatter was in most cases such, that in comparing spheres and cylinder
of unit length to diameter ratio, the cylinder length or diameter could be used
directly as the equivalent sphere diameter without increasing the scatter significantly,

3. COMPARISON WITH PREVIOUS THEORIES

Predicted penetraticns on the basis of the theories of Grimminger (Ref. 3),
Bohn and Fuchs (Rel. 4), Opik (Ref. 5), Whipple (Ref. 6), Langton (Ref. 7), Grow
(Ref. 8), and shaped charge jet theory (Ref. 9, 10) were inserted on the individual
data plots, covering twenty-four material combinations. In addition penetrations
predicted by Bjork's theory (Ref. 11) were inserted on plots for aluminum pro-
jectiles striking aluminum targets, and steel projectiles striking steel targets,
Examples are shown in Figures 1 through 6.

All of the theories were originally proposed for very high impact velocities,
and would therefore not be expected to show good agreement in the experimental
velocity range. Most of the theories not only showed little agreement with the
experimental data, but also showed a different trend over the experimental velocity
range. One exception 1s the theory of Bohn and Fuchs, which showed surprising
agreement with the data at low velocities for quite a number of materials, but

enerally slightly overestimated penetration at higher velocities.
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Fig. 3  The Penetration of Stesl Projectiles into 1030 Stesl Targets
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